The main goal of maritime container terminals is to serve the container vessels arriving at port. This means that they must be berthed in a position along the quay, a subset of quay cranes must be assigned to them and work schedules have to be planned for unloading the import containers and loading the export containers onto each container vessel. This work addresses the Tactical Berth Allocation Problem, in which the vessels are assigned to a given berth, and the Quay Crane Scheduling Problem, for which the work schedules of the quay cranes are determined. Due to the fact that the nature of this environment gives rise to inaccurate knowledge about the information related to the incoming vessels, the aforementioned optimization problems are tackled considering fuzzy arrival times for the vessels and fuzzy processing times for the loading/unloading operations.
INTRODUCTION
The global container trade has grown over the decades 1 . The maritime container terminals are highlighted infrastructures built with the goal of facing the technical requirements arising from the increasing volume of containers in the international sea freight trade. They are aimed at transferring and storing containers within multimodal transportation networks. The main transport modes found at a maritime container terminal are container vessels, trucks and trains. In this regard, a maritime container terminal can be considered as an open system that brings together different container flows, those stemming from freight sources to destinations (Stahlbock and Voβ, 2008) .
The layout of a maritime container terminal is usually split into three different functional areas: seaside, yard and landside (Petering, 2011) . Firstly, the seaside is the area of the terminal where the container vessels arriving at port are berthed in order to be loaded or unloaded. An exhaustive analysis concerning the seaside operations planning problems is provided in the book by (Meisel, 2010) . The yard is the part of the terminal in which the containers are temporarily stored until their later retrieval (Kim et al., 2008) . Finally, the landside is the area which connects the container terminal with the land transport modes, that is, trains and trucks (Froyland et al., 2008) .
The main goal of a maritime container terminal is to serve appropriately those container vessels that arrive at port. In this regard, the service of a container vessel can be modeled through a well-defined sequence of steps. Firstly, it is required to provide a specific berthing position along the quay and berthing time for each container vessel according to its particular characteristics (dimensions, expected service time, draft, arrival time, etc.) and contractual agreements (Lalla-Ruiz et al., 2012) . Afterwards, a subset of the available quay cranes at the terminal is allocated to each container vessel for performing the loading and unloading tasks established by its stowage plan (Bierwirth and Meisel, 2010) . Finally, the work schedules associated with the allocated quay cranes are determined (Bierwirth and Meisel, 2009) .
The aforementioned planning decisions can be modeled by means of several optimization problems in maritime container terminals. The Tactical Berth Allocation Problem (TBAP) pursues to define the berthing position, berthing time and quay cranes allocated to each container vessel over a given planning horizon. On the other hand, the Quay Crane Scheduling Problem (QCSP) is aimed at determining the work schedules for the quay cranes allocated to a container vessel. It is worth mentioning that solving the TBAP and the QCSP for each container vessel provides an overall service planning for a container terminal.
Algorithms and model formulations to solve the TBAP and QCSP have usually assumed that the data are known accurately. However, this is not true in real-world applications and it is particularly problematic for data representing the arrival times of vessels and processing times that cannot be precisely estimated, but that need to be taken into account in order to provide the decision makers with real solutions.
The inherent imprecision that appears in the data involved in real-world problems can have different natures: randomness, subjectivity, vagueness, etc. If the goal is to tackle the problems at hand without altering their nature, what seems more desirable is to consider the approach that fits the best to the origin of the imprecision, either stochastic, interval-based or fuzzy. Among these possibilities, the imprecision considered in this work is not random but linguistical and therefore vague (for instance, "the processing time will be large"). Although vague information appears in these real-world applications, to the best of our knowledge, this is the first work that considers this nature of imprecision in maritime container terminals when solving the TBAP and QCSP. Other imprecision natures are out of the scope of this paper.
In those scenarios in which subjectivity in the interpretation of the data is related to randomness, the fuzzy sets provide us a theoretical framework to solve a wide range of problems in different research areas (Tiwari et al., 2006) (Verdegay, 2003) with a high degree of efficacy and efficiency. In this paper, we are particularly interested in solving the TBAP with fuzzy arrival times for the vessels and the QCSP with fuzzy processing times for the loading/unloading operations. With the purpose of solving these problems, we propose mathematical models in which some coefficients in the constraints are not known accurately. In both cases, in order to solve the optimization problems derived from these situations, we will make use of models which are well known in the area of Fuzzy Mathematical Programming (Cadenas and Verdegay, 2006) (Herrera and Verdegay, 1995) (Sancho-Royo et al., 2006) .
The remainder of this paper is structured as follows. Section 2 describes the main logistic problems arising in the seaside. Section 3 describes the fuzzy coefficients used in the mathematical formulations of the TBAP and QCSP. Section 4 proposes two Variable Neighbourhood Searches for the TBAP and QCSP. Section 5 shows the computational experiments performed in this work. Finally, Section 6 presents the main conclusions extracted from the work and indicates several directions for further research.
SEASIDE OPERATIONS
The seaside operations are those concerning the service of container vessels that arrive at port. As indicated by (Wiegmans et al., 2001) , the turnaround time of container vessels constitutes the main indicator of the competitiveness of maritime container terminals. With this fact in mind, terminal managers are particularly interested in reducing the service times and maximizing the usage of the available resources: berths and quay cranes.
Tactical Berth Allocation Problem
The Tactical Berth Allocation Problem (TBAP) pursues to determine the berthing position, berthing time and allocation of quay cranes for the container vessels arriving at port over a well-defined time horizon.
In the TBAP we are given a set of incoming vessels N, a set of berths M, and a set of quay crane profiles p ∈ P i per each vessel i ∈ N. Each container vessel i ∈ N must be assigned to an available berth k ∈ M within the vessel and berth time window
The berthing position of a vessel should be close to the departure position of its containers. In this regard, the housekeeping cost represents the cost derived from moving a given container among different berthing positions of the quay. Moreover, for each vessel i ∈ N, a quay crane profile, p ∈ P i , determines the distribution of quay cranes used for serving it. Q denotes the number of quay cranes at the terminal. The service time of a vessel depends on the quay crane profile associated with it. Each profile, p ∈ P i , has an associated value v p i , which reflects the usage of quay cranes.
The goal of the TBAP is to maximize the value of the quay crane profiles used to serve the vessels and minimize the housekeeping costs derived from the transshipment of containers among vessels.
An example of the TBAP is depicted in Figure  1 . The example shows 3 container vessels, 3 berths and a maximum number of 8 quay cranes. For each container vessel i ∈ N, the number of QC hours required to perform its loading and unloading operations is termed as m i . The profiles assigned to the vessels determine the distribution of quay cranes and their service time. For instance, the vessel 3 is served by 2, 3, 3, and 2 quay cranes and its service time is 4 hours. It is worth pointing out that, despite vessels 1 and 3 require the same number of quay crane hours, their service times are different because they have assigned different profiles. In this regard, the quay crane profile assigned to vessel 1 is more expensive than that assigned to vessel 3. In order to make this work self-contained, this subsection describes the mixed integer linear program formulation for the TBAP proposed by (Giallombardo et al., 2010) .
The following notations are used in the model:
• N Set of container vessels
• M Set of berths
• H Set of time steps
• P i Set of feasible quay crane profiles for the
The value of serving the container vessel i ∈ N with the QC profile p ∈ P i
• Q h Maximum number of quay cranes available at the time step h ∈ H
• q pu i Number of quay cranes assigned to the container vessel i ∈ N in profile p ∈ P i at the time step u ∈ H
• f i j Flow of containers exchanged between container vessels i, j ∈ N • d kw Housekeeping cost per unit of container between yard slots in berths k, w ∈ M
The decision variables are shown below.
, set to 1 if container vessel j is scheduled after container vessel i in berth k, and 0 otherwise.
• y k i ∈ {0, 1}, ∀ k ∈ M, ∀ i ∈ N, set to 1 if container vessel i is assigned to berth k, and 0 otherwise.
• z kw i j ∈ {0, 1}, ∀ k, w ∈ M, ∀ i, j ∈ N, set to 1 if y k i = y w j , and 0 otherwise.
i∈ N, set to 1 if the container vessel i arrives in time step h, and 0 otherwise.
FuzzyOptimizationModelsforSeasidePortLogistics

291
• λ i p ∈ {0, 1}, ∀ p ∈ P i , ∀ i∈ N, set to 1 if container vessel i is served under profile p, and 0 otherwise.
• ρ ph i ∈ {0, 1}, ∀ p ∈ P i , ∀ h ∈ H, ∀ i∈ N, set to 1 if container vessel i is served under profile p and arrives at time step h, and 0 otherwise.
• T k i ≥0, ∀ k ∈ M, ∀ i∈ N, berthing time of container vessel i at berth k.
The corresponding MILP formulation for the TBAP is stated as follows:
In this model M1, M2, M3 and M4 represent sufficiently large constants. The objective function (1) maximizes the sum of the values of the chosen quay crane assignment profiles over all the container vessels and, at the same time, minimizes the housekeeping cost generated by the flows of containers exchanged between container vessels. Constraints (2) establish that every container vessel must be assigned to one and only one berth. Constraints (3) and (4) define the outcoming and incoming flows to the berths, whereas flow conservation for the remaining vertices is ensured by constraints (5). Constraints (6) establish the link between variables x k i j , whereas precedences in every sequence are ensured by constraints (7) and (8). The time windows of the container vessels are defined by the constraints (9) and (10), whereas berths time windows are defined by constraints (11) and (12). Constraints (13) ensure that one and only one QC profile is assigned to every container vessel. Constraints (14) define the link between variables γ h i and λ (19), (20) and (21) are included to linearize the quadratic objective function.
Quay Crane Scheduling Problem
The QCSP pursues to define the sequences of transshipment operations performed by a set of quay cranes in order to load and unload the containers associated with a given vessel berthed at the container terminal.
The input data for the QCSP are composed by the set of tasks Ω = {1, ..., n} and the set of quay cranes Q = {1, ..., m} allocated to the vessel. Each task t ∈ Ω represents a set of containers with similar characteristics (weight, dimensions, destination port, etc.) located adjacent to each other in the same bay, l t . The processing time of the task t ∈ Ω is denoted by p t . Two dummy tasks 0 and T with p 0 = p T = 0 are considered with the goal of representing the beginning and the ending of the vessel service, respectively. In addition, we define the setΩ = Ω ∪ {0, T }. The structure of the vessel imposes limitations in the transshipment operations order (Kim and Park, 2004) . For instance, unloading operations have to be performed before loading operations. The precedence relationships among tasks located in the same bay are defined by the set Φ, in such a way that, (i, j) ∈ Φ if and only if task i has to be finished before the starting of task j.
On the other hand, each quay crane q ∈ Q is located in the bay l q 0 and it is available after time r q . The time required by the quay crane q ∈ Q to move between the bays in which the tasks i, j ∈ Ω are currently located is denoted by t q i j . For safety reasons, the quay cranes must keep a minimum distance between them, δ, and measured in bay units. The safety distance gives rise to that same pairs of tasks cannot be performed simultaneously due to the fact that they are close. These pairs of tasks are gathered into the set Ψ.
The optimization criterion of the QCSP is to minimize the makespan of the schedule, that is, the finishing time of the last task performed by the quay cranes, c T . The QCSP is already known to be an NP-hard problem (Sammarra et al., 2007) .
An example of the QCSP is depicted in Figure 2 . The example represents a vessel berthed at the quay with 10 bays, ranged from the bay 0 up to the bay 9, for which the bays 1, 3, 4, 6 and 8 have at least one task to perform by a quay crane. For each bay, the tasks are sorted according to their precedence relationships. For instance, the task 1 has to be performed before the starting of task 2 in the bay 1. The location and processing time of each task are reported in the associated table. A schedule with 2 quay cranes for this example is shown in Figure 3 . The quay crane 1 performs the tasks 1, 2, 3, 5, 6 and 7, whereas the quay crane 2 performs the tasks 4 and 8. As can be seen, the quay cranes keep a safety distance of at least 2 bays and move with a speed of 1 bay per time unit. In this case, the makespan is 52 time units. (8) 3 (10) 4 (15) 5 (7) 6 (6) 7 (5) 8 ( In the following, we present the mathematical formulation proposed by (Bierwirth and Meisel, 2009 ) for the QCSP. The following notation is used by the formulation:
• ∆ vw i j . Minimum temporal span to elapse between the processing of the tasks i and j if they are processed by the quay cranes v and w, respectively.
• Θ. Set of all combinations of tasks and quay cranes that potentially lead to quay crane interference.
The decision variables of the model are:
• x k i j ∈ {0, 1}, set to 1 if tasks i and j are processed consecutively by quay crane k, 0 otherwise.
• z i j ∈ {0, 1}, set to 1 if task j starts after the completion of task i, 0 otherwise.
The mathematical formulation is as follows:
Subject to:
The minimization of the makespan is modeled by (22). Each quay crane starts performing the task 0 and finishes performing the task T . This is modeled by constraints (23) and (24). All the non-dummy tasks have to be performed exactly once as set by constraints (25) and have a previous task and a succeeding task, constraint (26). Constraints (27) set the finishing time of each task. Constraints (28) 
FUZZY COEFFICIENTS IN THE CONSTRAINTS FOR THE TBAP AND QCSP
In the TBAP, the arrival times of the vessels a i , i ∈ N, are considered to be uncertain values. In the QCSP, the processing times of the loading/unloading operations, p t , of the different tasks t ∈ Ω are also considered to be uncertain values. Even though the number of quay cranes assigned to carry out the loading and unloading operations of a container vessel is fixed, the real service time, will depend on several factors, such as interferences or breaks of the quay cranes assigned to that container vessel. Modeling the uncertainty in the values of the parameters can be tackled by considering that they are fuzzy numbers. In this sense, independently of the wide range of different models that may be used, the problems above can be addressed by the following model.
where A f and b f refer to the fact that we are considering fuzzy numbers in the coefficients that define the restrictions (thereby allowing, as a trivial case, them to also be real numbers when there are no ambiguities), and the symbol ≤ I means that the way of comparing both members in the inequality, due to formal coherence, must be done by using a relationship for ordering the fuzzy numbers. This comparison relation ≤ I may be any one from the extensive list available (Wang and Kerre, 1996) , which in turn would also allow the decision-maker to have a greater degree of freedom when it comes to establish preferences. In more specific terms, in order to provide that theoretical model with a way for operating, let us briefly refer back to the different indices for comparing fuzzy numbers that have been described in the literature (Wang and Kerre, 1996) . Amongst the different approaches described for comparing them, for the sake of simplicity, in this paper we shall only deal with the one that is derived from the use of indices for comparison. Hence, by denoting as F(R) the set of fuzzy numbers, if
is a comparison index for this kind of numbers, then
whereby, according to the index I that is used, different auxiliary models may be obtained for effectively solving the problems described above from the practical point of view. Therefore, in general, the auxiliary models that are used to solve the problems described above from the practical viewpoint, would be approached as follows.
Using an index I or another depends on each decision-maker, and hence what index I to choose to be used is not the matter here. In order to illustrate the approach, and as a trivial example, let us consider two triangular fuzzy numbers P f , Q f ∈ F(R), denoted as usually as P f = (P, P i , P d ) and Q f = (Q, Q i , Q d ), and as form of comparison, the one given by Yager's First Index (Wang and Kerre, 1996) ,
The membership function corresponding to a triangular fuzzy number A f = (A, A i , A d ) is stated as follows:
Then, the previous model takes the following operating form,
from which we can obtain a solution for the previous models in a straightforward way.
Since in the TBAP model described above, the arrival times of the vessels, a i , i ∈ N, which cannot be estimated accurately, appear as coefficients in the constraints, the methodology explained in this section can be used to provide the decision makers with adequate solutions. The same fact happens in the QCSP formulation, in which the processing times of the loading/unloading operations, p t , of the different tasks t ∈ Ω, appear as coefficients in the constraints. When applying this methodology with the Yager's First Index as a simple example, the original fuzzy models can be converted into mixed integer linear models that can be solved using any effective optimization technique from the literature.
OPTIMIZATION TECHNIQUES
In order to generate suitable solutions for the fuzzy considerations of the TBAP and QCSP, the solution approaches proposed by (Lalla-Ruiz et al., 2013) are considered. These approaches are based on the Variable Neighbourhood Search (VNS) which has demonstrated to be a high competitive metaheuristic when solving combinatorial and global optimization problems (Hansen et al., 2010) . In general terms, the foundation of a VNS is to perform a systematic change of neighbourhood structures within a local search algorithm.
With the goal of providing a self-contained paper, in the following subsections we present the VNS approaches used for solving the TBAP and QCSP, respectively. For further details the interested reader is referred to (Lalla-Ruiz et al., 2013) . The starting solution of the VNS, ω, is generated by assigning the profile p ∈ P with the highest usage cost to each container vessel. The berthing position of each vessel is selected at random, whereas the starting of its service time is selected as the earliest possible within its time window (line 1). The value of 
VNS for Solving the TBAP
ω ′ ← ω ′′ 10:
else 12:
end if 14:
k ← 1 18:
end if 21: until k = k max the parameter k is set to 1 (line 2). The shaking process (line 4) allows to escape from those local optima found along the search by using the neighbourhood structure N a . The solution exploitation phase of the VNS is based on a Variable Neighbourhood Descent Search (VND) (lines 6 − 14). Given a solution ω ′ , it explores one neighbourhood at a time until a local optimum with respect to the neighbourhood structures N a and N b is found. The application of the neighbourhoods structures in the VND is carried out according to the value of the parameter k 1 , initially set to 1 (line 5). The first neighbourhood structure explored is N a and later N b . The best solution found by means of the VND is denoted by ω ′ . The objective function value of ω ′ allows to update the best solution found along the search (denoted by ω) and restart the value of k (lines 15 − 17). Otherwise, the value of k is increased (line 19). These steps are carried out until k = k max (line 21).
VNS for Solving the QCSP
The pseudocode of the proposed VNS for solving the QCSP is depicted in Algorithm 2. It is based upon two neighbourhood structures, the reassignment (N 1 ) and interchange of tasks (N 2 ). The search starts generating an initial schedule, σ, by assigning each task t ∈ Ω to its nearest quay crane (line 1). The value of the parameter k is also set to 1 (line 4). A shaking procedure allows to reach unexplored regions of σ ← Combine(σ ′ , σ ′′ ) 18: until Stopping Criteria the search space by means of the reassignment of k tasks to another quay crane. The reassigned tasks are selected on the basis of a frequency memory. In this way, at each step, a neighbour schedule, σ ′ , is generated at random from σ within the neighbourhood structure N k (line 6). A local optimum, σ ′′ , is reached through a local search based on the proposed neighbourhood structures (line 7). An improvement in the value of σ ′′ allows to update σ and restart k (lines 9, 10 and 11). Otherwise, the value of k is increased (line 13). These steps are carried out until k = k max (line 15).
An elite set, ES, is included into the VNS with the goal of collecting the promising schedules found during the search process. It is composed of those schedules with the lowest objective function value and those local optima with the highest diversity in the ES. The diversity of two schedules is measured as the number of tasks performed by different quay cranes. At each step, ES provides a pair of schedules σ and σ ′ selected at random (line 16) in order to be combined (line 17) and restart the search. The combination process keeps those tasks performed by the same quay crane, whereas the remaining ones are randomly assigned to one quay crane on the basis of the objective function values of σ and σ ′ .
COMPUTATIONAL EXPERIMENTS
This section is devoted to assess and analyze the performance of the VNSs described in the Section 4 for solving the TBAP and the QCSP under imprecise scenarios. All the computational experiments described along the present section have been carried out on a computer equipped with a CPU Intel 3.16 GHz and 4 GB of RAM.
Computational Experiments for the TBAP
The computational tests aimed at evaluating the behaviour of the VNS introduced in the Subsection 4.1 for the TBAP were conducted by using the problem instances proposed in the work by (Giallombardo et al., 2010) . These instances are based upon real data provided by the Medcenter Container Terminal of Gioia Tauro located in Italy. In this case, only a subset of 9 of these instances are used during this computational experiment. The size of the problem instances ranges from 20 up to 40 container vessels that must be located in 5 berths over a time horizon of one week. The Table 1 reports the computational results obtained by means of the VNS over the group of instances taken up from the benchmark suite described above. The first column (Instance) shows the instances to solve. For each instance, the name (Name), the number of container vessels (N), the number of berths (M) and the maximum number of quay crane profiles per each vessel (P) are presented. The second column (CPLEX) shows the upper bound (UB) obtained by the CPLEX Optimizer with a maximum computational time of 2 hours. The column VNS shows the results obtained when the arrival time of the vessels is deterministic. Under this heading, it is reported the objective value of the best solution found by the VNS ( f V NS ), the execution time (t. (s.) ) and the relative error ((Gap (%)) regarding the upper bound. Lastly, the next columns (V NS S−I and V NS S−II ) show the results by considering scenarios with fuzzy numbers to model the arrival times of the container vessels. In this context, we have evaluated the performance of the VNS concerning the following fuzzy numbers:
These fuzzy scenarios (S-I and S-II) model, on one hand, the anticipation or delay of the arrival time of the container vessel arrived at port regarding their expected times. These scenarios represent a common problem in maritime container terminals, since the vessels are subject to tidal, traffic or contractual changes. In this regard, these issues are frequently translated into a delay of the expected arrival time of the container vessel, due to that, the fuzzy numbers of both scenarios S-I and S-II consider a higher delay than anticipation of their arrival time. For each scenario, the best solution value found by the VNS ( f V NS ) and its required computational time (t. (s.) ), measured in seconds, are reported.
In spite of the change of scenario there is not a clear trend in the target values, as it is reported in Table 1. It is expected that the uncertainty in the arrival times of the container vessels has a direct impact on the feasibility of the solutions due to the reduction in the time window constraints and the availability of quay cranes. Moreover, it may implicitly affect to the objective function value if the late arrival of the container vessel forces to allocate it in another berth than the expected one. The reason is found in that this fact would increase the housekeeping cost derived from the transshipment operations. In this regard, the anticipation or delay of the arrival time of the vessels may also impact on the assignment of quay crane profiles, namely, early arrival times would allow to assign longer quay cranes profiles, whereas late arrival times would require shorter quay crane profiles if one is willing to keep the vessels assigned to their initial assigned berth. These facts and further analysis of the structure of the final solutions would be a topic of future work. It is worth mentioning that for the instances from the literature are obtained feasible solutions for fuzzy arrival times considered in this computational experiment.
Computational Experiments for the QCSP
In order to check the suitability of the VNS introduced in the Subsection 4.2 for solving the QCSP, we have considered a representative subset of the problem instances proposed by (Bierwirth and Meisel, 2009 ). The original set of instances is composed of 90 instances grouped into 9 groups with 10 instances each one. Each group of instances has different number of tasks (from 10 up to 50) and quay cranes (from 2 up to 6) which allows to cover real-world scenarios. In this case, we have selected one instance from each original group in such a way that our benchmark suite is composed of 9 instances. It is worth mentioning that, as done in previous works, we have established in this experiment that the quay cranes are available from the starting of the service time (r q , ∀q ∈ Q) and they have to keep a safety distance of one bay (δ = 1) among them. Table 2 shows the computational results we have obtained by means of the proposed VNS when solving the aforementioned instances. The first column (Instance) reports the characteristics of the instances used during the experiment: name (Name), number of tasks (n) and number of quay cranes (m). The second column (Optimal) shows the objective function value of the optima schedules for the instances at hand reported in the work by (Bierwirth and Meisel, 2009) . The third column (VNS) show the computational results obtained by means of the VNS described in the Subsection 4.2 under deterministic scenarios. In this case the objective function value of the best schedule found during the search ( f V NS ) and the computational time (t. (m.)), measured in minutes, are reported. Finally, as described in the Section 3, we consider fuzzy numbers to model the processing times of the tasks. In this context we have evaluated the performance of the VNS under the following fuzzy numbers:
The first fuzzy number (S-III) models that scenario in which reductions in the processing time of the tasks associated with a given container vessel are more likely than delays. On the other hand, due to the fact that delays in the processing time of the tasks are the most common in maritime container terminals, we have proposed the numbers S-IV and S-V considering a higher delay than reduction. In this regard, Table 2 has one column (V NS S−III , V NS S−IV and V NS S−V ) with the computational results reported by the VNS when the previous fuzzy numbers are taken into account. In each case, the objective function value of the best schedule found during the search ( f V NS ) and the computational time (t. (m.)), measured in minutes, are reported.
In spite of the fact that analyzing the performance of the VNS under deterministic scenarios is not a major goal of this work, with the aim of providing an overall study we firstly focus on this issue. In this regard, the computational results reported in the Table  2 indicate that the proposed VNS is highly effective at finding optimal or near-optimal schedules for the QCSP under deterministic scenarios (column VNS). As can be seen, it provides the optima schedules for 7 instances from the benchmark suite at hand, whereas the gap is below 1.2% in the worst case (k94). Moreover, below 4.5 minutes have been required for finishing the search process in all the cases. An exhaustive analysis of the performance of the VNS under deterministic scenarios is described in the original work by (Lalla-Ruiz et al., 2013) . Additionally, the efficiency of our optimization technique has allowed to apply it successfully to integrated approach as that described in the same work. On the other hand, as might be expected, the uncertainty on the processing times of the tasks defined by the stowage plan of a given container vessel has a direct impact on its service time (makespan). This is evidenced in particular by a decrease in the objective function value of the schedules obtained by the VNS over those scenarios in which the processing times tend to be shorter than the original ones. That is, when the fuzzy number S-III is considered. For instance, we have obtained a reduction of 51 time units in the makespan of the schedule reported by the VNS for the instance k89 in comparison with the deterministic version of the problem. A similar reasoning should be applied to the scenarios in which the processing times of the tasks tend to be larger than the original ones, that is, under the fuzzy numbers S-IV and S-V. In these cases, the makespan of the schedules reported by the VNS are larger than those of the schedules found under the deterministic scenarios. For example, an increase of 108 times units in the makespan of the schedule reported by the VNS has been obtained for the instance k94 when the fuzzy number S-V is considered in comparison with the deterministic version of the problem. Finally, it is worth mentioning that the makespan of the schedules found when the fuzzy number S-V is considered are larger that those of the schedules obtained under the fuzzy number S-IV. This fact is derived from the higher increase produced in the former case.
CONCLUSIONS
The maritime container terminals are large infrastructures aimed at serving the container vessels arrived at port. In this regard, a berthing time and berthing position along the quay is assigned to each vessel. For loading and unloading its containers, a subset of quay cranes is allocated to it. These quay cranes perform the loading and unloading operations associated with the containers of the vessel. In this context, two relevant logistical problems should be highlighted: Tactical Berth Allocation Problem (TBAP) and the Quay Crane Scheduling Problem (QCSP). Unfortunately, due to the inherent imprecision that appears in the data involved in this environment, terminal managers are particularly interested in solving these problems by considering the uncertainty arising in the terminals.
In this paper the TBAP and the QCSP are tackled under imprecise scenarios. For this purpose, two fuzzy models that consider the uncertainty of the arrival time of the vessels and the processing time of the quay cranes are proposed. Moreover, in order to effectively solve these models, two solutions approaches based on the Variable Neighbourhood Search metaheuristic are introduced. Both methods are able to provide feasible solutions with reasonable computational times.
